In the modern ocean, phytoplankton maintain extremely high primary production to 2 biomass ratios, indicating that they bloom, die, and are replaced weekly. The molecular 3 mechanisms regulating cellular mortality and turnover are largely unknown, even though 4 they effectively short circuit carbon export to the deep ocean and channel primary 5 productivity to microbial food webs. Here, we present morphological, biochemical, and 6 molecular evidence of caspase-mediated, autocatalytic programmed cell death (PCD) in the 7 diatom, Thalassiosira pseudonana, in response to iron (Fe) starvation. Transmission 8 electron microscopy revealed internal degradation of nuclear, chloroplastic, and 9 mitochondrial organelles, all while the plasma membranes remained intact. Cellular 
INTRODUCTION 1
Phytoplankton, or unicellular photoautotrophs that drift with the currents, represent the 2 base of most marine food webs. Although they account for <1% of the Earth's biomass, they are 3 responsible for nearly 50% of global annual carbon-based primary productivity (31) . state maintenance of such a high production to biomass ratio implies that, on average, these 5 organisms grow, die and are replaced once every week (57) . Substantial cell death via lysis 6 documented in field populations of phytoplankton (1, 2, 14, 16, 58 ) challenges the long-held 7 misconception among biological oceanographers that phytoplankton are immortal, unless eaten 8 by zooplankton grazers, and highlights the importance of key death processes to marine 9 ecosystems. Unfortunately, the mechanisms regulating phytoplankton cell death have received 10 relatively little attention, even though they serve to couple primary production to microbial food 11 webs (10), effectively short circuiting carbon export to the deep ocean and stimulating upper 12 ocean biogeochemical cycling (4, 10) . 13 Autocatalytic cell death triggered by specific environmental stresses (e.g., cell age, nutrient 14 deprivation, high light, oxidative stress, and UV exposure) in prokaryotic and eukaryotic 15 unicellular phytoplankton (6, 10, 42, 51, 59 ) provides a mechanism to explain the high lysis rates 16 independent of viral attack or grazing. This cellular self-destruction is analogous to programmed 17 cell death (PCD) in multicellular organisms, a form of autocatalytic cell suicide in which an 18 endogenous biochemical pathway leads to apoptotic-like morphological changes and, ultimately, 19 cellular dissolution. PCD involves the expression and biochemical coordination of specialized 20 cellular machinery such as receptors, adaptors, signal kinases, proteases and nuclear factors. A 21 specific class of intracellular cysteinyl aspartate-specific proteases, termed caspases, is of 22 particular interest due to their ubiquitous role in both initiation and execution of PCD through the 23
A C C E P T E D
cleavage of various essential proteins in response to proapoptotic signals (55) . 1 The discovery of caspase homologues, paracaspases and metacaspases, in morphologically 2 diverse organisms, including animals, higher plants, slime moulds, unicellular protists, fungi and 3 bacteria (56) , suggests that they may represent an ancestral core of executioners that led to the 4 emergence of the cell death machinery. Presumably, early ancestors of plants and animals had 5 minimal apoptotic machinery with the more complex PCD systems in animals emerging with 6 metazoans. While most metacaspase genes have only been characterized in silico, their genetic 7 signatures have been directly linked to caspase activity in yeast (41) and trypanosomes (53) . 8 Their cellular roles, however, still remain an open question in unicellular protists and plants. 9 Nonetheless, metacaspases (along with other putative PCD-related proteins) are widespread 10 among prokaryotic and eukaryotic phytoplankton genomes (10) , hinting at their early 11 evolutionary development within these organisms. Furthermore, morphological and biochemical 12 characteristics of caspase-mediated PCD have been observed in diverse phytoplankton lineages, 13 including cyanobacteria, chlorophytes, and dinoflagellates (6, 42, 51, 59) . 14 Diatoms are a class of unicellular phytoplankton with chromophyte lineage (29) that 15 account for ~40% of total marine primary productivity in the modern ocean (47) , including 16 coastal and open-ocean upwelling zones (20, 28, 44, 45) , warm oligotrophic gyres (18, 19) and 17 the Southern Ocean (46) . Since downward fluxes of biogenic silica and organic matter in the 18 modern ocean derive largely from diatom productivity (40, 47, 50) , there is increased interest in 19 the mechanistic processes that regulate their fate. Indeed, the physiological state and life history 20 of diatom assemblages dictate whether diatom Si and its associated organic C are either recycled 21 in the euphotic zone, or exported to depth (8, 9, 17) , placing mechanistic importance on cellular 22
processes mediating bloom to post-bloom transition. 23
Kinetic analysis was performed of substrate cleavage (Ex 400 nm, Em 505 nm) over a 2 hr 1 period with measurements taken at 10 min intervals using a Spectra Max Gemini XS plate reader 2 (Molecular Devices) and the SoftMax Pro 3.1.1 analysis program. Cleavage rates were 3 normalized to protein, as determined by BCA Protein Assay Kit (Pierce). 4
The broad-spectrum caspase inhibitor, z-Val-Ala-Asp-Fluromethylketone (z-VAD-5 FMK), was added to cell extracts prior to the addition of IETD-AFC in caspase activity assays to 6 test for elimination of caspase activity. The inhibitor was also added to-Fe cultures (final 7 concentration 20 M) to test for its effect on in vivo cell physiology. Since z-VAD-FMK was 8 dissolved in dimethyl sulfoxide (DMSO), DMSO only additions (0.1% final concentration) were 9 run in parallel as controls. The Fe concentration in the inhibitor was determined by medium 10 resolution, inductively coupled plasma mass spectrometry (ICP-MS; Finnigan Element 2) at the 11 Rutgers Inorganic Analytical Laboratory and compared to DMSO and duplicate procedural 12 blanks in order to access trace Fe contamination. Equal volumes (10 l) of DMSO-reconstituted 13 inhibitor (220 nmol) and DMSO were digested overnight with 250 l of 50% quartz-distilled 14 nitric acid (Q-HNO 3 ) in 3 ml Teflon bombs for 12 h on a hotplate. Digests were dried and 15 reconstituted in 1 ml 5% Q-HNO 3 . Each procedural blank consisted of a 50% Q-HNO 3 digest 16 followed by reconstitution in 1ml 5% Q-HNO3. Samples were spiked with a Y internal standard 17 prior to ICP-MS analysis. 18 
19
In situ detection of PCD markers. Cells were stained in vivo with a fluoroisothiocyanate 20 (FITC) conjugate of z-VAD-FMK, to visualize cells containing activated caspases (CaspACE™,  21 Promega Corporation, Madison WI). Cells were pelleted via centrifugation (10,000 x g, 10 min, 22 4°C), washed once with phosphate-buffered saline (PBS, pH 7.5) and resuspended in PBS prior 23 to the addition of CaspACE™ (final concentration, 20 M). Cells were stained for 20 min at 1 18°C in the dark, after which they were pelleted via centrifugation, washed once with PBS, fixed 2 with 2% formalin/PBS and stored at 4°C until analyzed (within 1 week). An unstained control 3 was performed at each time point for comparison. 4
Staining with Annexin V-FITC (Invitrogen-Molecular Probes) was used as an in vivo test for 5 phosphatidylserine (PTS) externalization, a diagnostic marker of PCD. Cells were harvested via 6 centrifugation, resuspended in 100 l of Annexin Binding Buffer (10 mM HEPES, 140 mM 7 NaCl and 2.5 mM CaCl2, pH 7.4), and stained with 10 l of Annexin for 20 were probed with either polyclonal antisera raised against a purified, recombinant metacaspase 14 protein from Emiliania huxleyi (titer = 1:500) (11), pre-immune antisera (collected from same 15 rabbits prior to injection with purified EhMC; 1:500), or polyclonal antisera to purified 16 recombinant T. pseudonana manganese superoxide dismutase (Mn-SOD; titer 1:3000) (64) . 17 Polyclonal goat anti-rabbit IgG-HRP (Pierce; titer =1:10,000) and a horseradish peroxidase 18 chemiluminescent substrate (BioRad) was used for detection. Cell extracts from E. huxleyi (10 19 g total protein lane and TpMC5 contained an uncharacterized protein-containing caspase domain (COG4249; Table  7 2). Multiple alignments of the six TpMC proteins with metacaspases from A. fumigatus Af293, S. 8 cerevisiae, and the marine coccolithophore, E. huxleyi, confirmed amino acid identities around 9 cysteine-histidine catalytic active site regions characteristic of caspase-like proteins (asterisks, 10 (Fig. 6B ). Hybridizing proteins in T. pseudonana ranged in size from ~17 20 kDa to ~50 kDa and corresponded with putative molecular weights of all identified TpMC 21 proteins ( Table 2 ). The most intense immunohybridization occurred with a ~50 kDa protein(s) in 22
exponentially growing cells at early time points in both culture treatments (Fig. 6B, band 'a' ; 23 Fig. 6D ). This band persisted for up to 10 d in the replete culture but disappeared in the Fe-1 starved culture after 5 d. Intense early expression was also seen for a ~17 kDa protein in both 2 treatments, eventually disappearing after 4 d (Fig. 6B, band 'b' ). Faint immunohybridization was 3 observed to ~20 kDa proteins at 3-4 d for Fe-starved cells (Fig 6B, bands 'c' and 'd') . The 4 disappearance of the 50 and 17 kDa bands was marked by the appearance of distinct ~37 kDa 5 (band 'e') and ~25 kDa (band 'f') proteins, with the latter in the Fe-starved culture only. 6
Expression of these proteins was linked with cell death and marked increases in caspase specific 7 activity (Fig. 6D) . 8
The EhMC polyclonal antibody displayed strong, specific immunohybridization to a ~36 9 kDa protein in E. huxleyi cell extracts, corresponding with the purified, recombinant EhMC 10 protein size used to generate the antibody. Strong hybridization was also observed for the 11 expected 18kDa and 12kDa bands characteristic of purified, recombinant human caspase 8 (Fig.  12   6B ). No hybridization was detected when T. pseudonana cell extracts were incubated with pre-13 immune rabbit antisera or the anti-rabbit-IgG-HRP conjugate (not shown). 14 The very same cell extracts were probed with a polyclonal antisera against Mn-SOD from 15
T. pseudonana in order to assess if cells were experiencing ROS (Fig. 6C) . The only 16 hybridization observed in both -Fe and replete cell extracts was to the ~25 kD Mn-SOD (64) . phases, diagnostic of elevated ROS (Fig. 6D) . 21
Metacaspase gene expression. We also assessed the expression of individual TpMC genes in 1 the same cell extracts (Fig. 7) . Distinct differences were observed in the extent and pattern of 2 TpMC gene expression for replete and -Fe cultures. Gene expression was detected for TpMCs 1, 3 3, 4, 5 and 6 in replete cultures (Fig. 7) , with most genes being down regulated relative to initial 4 1-d levels. Only TpMC4 expression was elevated (>2-fold at 5 d). TpMC2 transcripts were not 5 detected in replete cultures. All TpMC genes were expressed in Fe-starved cells with several 6
TpMC genes being up-regulated, especially in later time points (>5 d), as cells displayed 7 physiological stress and mortality (Fig. 6C ). TpMC2 and TpMC4 expression were up regulated 8 up to 3-fold after 5-6 d, coincident with cell death and caspase activation (Fig. 6C ). TpMC5 and 9
TpMC6 were also slightly up regulated at early time points (<5 d), but subsequently dropped 10 Fe-starved cells were characterized by higher slopes indicative of a stronger response at 11 respective levels of physiological stress. Fe plays a critical role in phytoplankton growth since it 12 is required for photosynthetic electron transfer and reductive biosynthesis (30) . Dramatic 13 reductions in photosynthetic efficiency under Fe starvation signify uncoupled electron flow 14 through photosystem II ultimately leading to production of ROS in oxygenic photoautotrophs 15 (6) , which in turn induces PCD (23, 60) . Indeed, we found highly elevated expression of a 16 chloroplast-localized, manganese superoxide dismutase (64) in -Fe cell extracts through Western 17 blot analysis, diagnostic of a sub-cellular response to elevated ROS (48, 64) . PCD has also been 18 observed under Fe-starvation for the cyanobacterium, Trichodesmium IMS101 (6, 7) and the 19 coccolithophore, E. huxleyi (Bidle, unpublished data), suggesting it is a universal trigger of PCD 20 among evolutionary diverse phytoplankton. Interestingly, ROS and caspase activation in 21
Trichodesmium sp (7) and T. pseudonana (35) are coupled with the production of transparent 22 exopolymeric particle (TEP) production and aggregate formation, suggestive of a mechanistic 23 role for PCD in influencing the vertical flux of organic matter in the oceans. 1
In the contemporary open ocean, Fe is drawn down to extremely low concentrations during 2 late-phase phytoplankton blooms, leading to physiological limitation of metabolic functions. caspases, metacaspases, and paracaspases (56) . TpMCs were most similar to metacaspase-like 22 proteins in several different fungi, supporting previous phylogenetic relatedness to unicellular 23 protists and plants (10) . TpMC3 contains a chloroplast transit peptide and is likely targeted to the 1 chloroplast, hinting at a potential connection between metacaspases and activation of PCD with 2 the photosynthetic machinery. Lastly, there is a weak indication that TpMC2 may be targeted to 3 the mitochondria, which is well known to play an active role in triggering PCD. These findings 4 suggest that, although TpMCs share conserved amino acids and caspase domain signatures, they 5 appear to have unique sub-cellular localization and cellular roles. 6 A critical open question regarding phytoplankton metacaspases is whether they are 7 expressed and function as PCD executioners. Metazoan caspases are constitutively expressed as 8 procaspases and are post-translationally cleaved and activated upon stress (55) . Based on the 9 available bioinformatics data in the T. pseudonana genome browser, expressed sequence tags 10 (EST) have been detected for each metacaspase under various culture conditions (43) . In order to 11 assess metacaspase protein expression, we used a recently developed polyclonal antibody against 12 a purified, recombinant, E. huxleyi metacaspase (EhMC). E. huxleyi (Prymnesiophyte, 13
Haptophyceae) belongs to the 'coccolithophores', a class of unicellular phytoplankton that, along 14 with diatoms, dominate the modern ocean (29) . The EhMC antisera was previously used to 15 investigate the mechanistic link between PCD and viral infection by specifically examining 16 metacaspase expression during lytic viral infection of E. huxleyi (11) . TpMCs showed significant 17 amino acid identity with EhMC in partial alignments, most notably the histidine-cysteine-18 containing active site regions, suitable for antibody recognition. Phylogenetic analysis of the 19 caspase superfamily of proteins confirmed the relatedness of TpMCs and EhMCs, with both 20 grouping with metacaspases from unicellular protists and plants (10) . Lastly, the EhMC 21 antibody displayed strong immunohybridization to purified, recombinant caspase 8 (11), 22 revealing fundamental epitope conservation between EhMC and classic, metazoan caspases. 23 Distinct proteins in T. pseudonana cell extracts from Fe-starved and replete cultures 1 hybridized with the EhMC antisera, ranging in size from ~17 kDa to ~50kDa and corresponding 2 to the predicted molecular weights of TpMC proteins in current gene models. Exponentially 3 growing cells in both culture treatments constitutive expressed proteins consistent with the 4 putative molecular weights of TpMC3 (band 'a') and TpMC6 (band 'b'). These proteins 5 generally persisted for up to 10 d in the replete culture but disappeared in the Fe-starved culture 6 after 5 d. Their disappearance was accompanied by the appearance of distinct lower molecular 7 weight proteins (~25kDa and 37 kDa) consistent with the putative molecular weights of 8 TpMC1/TpMC 4 (band 'e') and TpMC2/TpMC5 (band 'f'), respectively. The proteins were 9 only present in cell extracts with caspase specific activity and during decreases in cell abundance 10 (Fig. 6D) . Given the strong epitope similarities between TpMCs and EhMC, the lack of 11 hybridization with pre-immune serum, and the close correspondence between observed protein 12 bands and predicted TpMC molecular weights, our data should accurately reflect TpMC protein Rather, our data are consistent with housekeeping functions. High, constitutive metacaspase 9 expression has been observed in the coccolithophore E. huxleyi (11) , the diatom Phaeodactylum 10 tricornutum (Vardi, unpublished data), and the cyanobacterium Trichodesmium erythraeum 11 (Bidle, unpublished data) . On the other hand, we observed elevated, late-phase gene and protein 12 expression for TpMCs 2 and 4. Their close correspondence with photosynthetic stress, elevated 13 caspase specific activity, and PCD markers suggests that these metacaspases function as PCD 14 executioners and may possess caspase activity. This needs to be confirmed and further elucidated 15 using recently developed reverse genetic approaches (49) . 16 To our knowledge, this is the first study to experimentally investigate the expression and 17 putative roles of metacaspases in marine diatoms. Our findings improve on previous reports of 18 metacaspase identity in T. pseudonana (43) . B: 14 aging, y=1055.4e -4.5382x ; -Fe, y=4827.6e -7.9256x ). 15 A C C E P T E D Table 1 . Primer sequences used to monitor gene expression in T. pseudonana * Numbers refer to location on transcript † Primers were designed using Primerquest tool (Integrated DNA Technologies; http://www.scitools.idtdna.com/Primerquest) and refer to genes listed in Table 2 
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